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1 Introduction
Estuaries are ecologically important coastal systems subject to complex physical,
biological, and chemical dynamics. The physics of estuaries is dominated by a range of
oceanographic and atmospheric processes, along with influences from land-based runoff. These
exchange processes shape the distribution of temperature and salinity in estuaries, both of which
help determine environmental conditions and the resulting habitats. In Mediterranean climates,
estuaries typically have minimal freshwater input during the portions of the year with little to no
precipitation (i.e., the summer dry season in California). These seasonally low-inflow estuaries
(LIEs) have temperature and salinity distributions that are not as well studied compared to
“classic” estuaries in regions with year-round freshwater input (Largier et al., 1997). During the
dry season, exchange in LIEs is primarily driven by tidal diffusion, contrasting the traditional
exchange (i.e., estuarine or gravitational circulation) of “classic” estuary systems driven by a
mix of tidal diffusion and freshwater input (Largier et al., 1997; Walter et al., 2018). These
exchange processes, and the subsequent distributions of temperature and salinity, play a critical
role in determining environmental conditions, water quality, and the distribution of important
habitat-forming species like seagrasses (Walter et al., 2018).
Seagrasses create highly productive systems that support commercial and subsistence
fisheries, sequester carbon, stabilize sediment, cycle nutrients, and provide habitats for juvenile
and adult fish and invertebrate species (Waycott et al., 2009). Seagrasses are sensitive to changes
in oceanographic conditions (and other stressors), including changing temperatures and salinities,
and have declined substantially worldwide over the last century (Waycott et al., 2009). Thus, it is
important to understand how exchange processes influence the distribution of oceanographic
parameters (e.g., temperature and salinity), particularly in LIEs. Temperature and salinity
4

distributions play a role in creating favorable or unfavorable conditions for seagrasses.
Moreover, when head-to-mouth exchange is weak during low-inflow periods, long residence
times of water masses create distinct zones in the estuary (Largier et al., 1997). The persistence
of these different zones can lead to hypersaline (exceeding ocean salinities) and hyperthermal
(exceeding oceanic temperatures) conditions (Largier et al., 1997). Long residence times in
estuaries may also promote algal blooms and hypoxia (Wolanksi, Mazda, et al., 1990; Schettini,
Valle-Levinson, Truccolo, 2017; Walter et al., 2018).
This study examines the temperature and salinity distributions in Morro Bay, a small,
seasonally LIE located on the central coast of California. In Morro Bay, eelgrass (Zostera
marina; a temperate seagrass), like all seagrasses, is a critical habitat-forming species that
supports a large variety of invertebrate, fish, and bird species in the estuary (MBNEP, 2018).
Since 2007, eelgrass in the estuary has declined by over 90%, with most losses occurring in the
back regions (i.e., head) of the estuary (MBNEP, 2018). Near the mouth, eelgrass meadows have
remained resilient, indicating that gradients in environmental conditions throughout the bay may
be aiding or hindering eelgrass growth and survival. Previous work in the estuary during the
summer dry season found that waters in the back-bay were hypersaline, hyperthermal, and
decoupled from the mouth, resulting in long flushing times (the time to diffuse hypersalinity) in
the back-bay regions (Walter et al. 2018). These findings were inferred from three discrete
moorings spaced throughout the bay. This study develops a spatially resolved analysis of
temperature and salinity distributions throughout the dry season, as well as estimates of
diffusivities and flushing times using a salt budget balance approach. Additionally, the effects of
evaporation on diffusivities and flushing times is explored. Increased spatial resolution and
expanded analysis of evaporation rates may indicate the role that temperature and salinity
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distributions play in ecosystem collapse or resilience and provide insight into the dynamics of
other small to moderate-sized LIE estuarine systems.

2 Methods
2.1 Study Site
Morro Bay is a relatively short (~6 km long) and shallow (average of ~5 m in the main
subtidal channel) estuary roughly 100 miles north of Point Conception. The estuary supports
commercial fishing, aquaculture, tourism, and recreation. The narrow main channel of the
estuary ranges just a few meters deep at the southern head to ~10 m deep at northern mouth and
is surrounded by intertidal mudflats. These intertidal mudflats historically supported vast
expanses of eelgrass meadows (Figure 1). Morro Bay is classified as a LIE due to its long dry
season (April – November) with little freshwater river input or precipitation. The short, wet
winter season (December – May) is characterized with intermittent rainfall and freshwater
discharge into the estuary from Chorro and Los Osos Creeks.
From 2007 to 2013, eelgrass declined from 139 ha to 6 ha (MBNEP, 2018). Most
eelgrass losses occurred in the intertidal mudflat beds in the back-bay, while the eelgrass beds in
the fore-bay remain healthy and resilient. The Morro Bay National Estuary Program (MBNEP)
has conducted several restoration projects to replant eelgrass in depleted areas with varied
success between 2012 and 2019. Eelgrass replants near the mouth of the bay have shown higher
survival than near the back of the bay (MBNEP, 2018), with the spatial success seemingly
connected to the different water mass zones observed in the bay (Walter et al., 2018).
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Figure 1. (a) Eelgrass bed on a mudflat in 2010 (top) and in 2012 (bottom) looking towards the
mouth of the estuary. (b) Eelgrass extent over time highlighting the loss of eelgrass in the backbay and the resilience of eelgrass in the fore-bay. Figure reproduced with permission from
MBNEP.
2.2 Data Collection
To examine temperature and salinity distributions, samples were taken at ten discrete
stations spaced throughout the bay along the main channel (Figure 2). Water column profiles of
temperature, conductivity (salinity), and pressure (depth) were collected at each of the ten
stations using a Sea-Bird 19+ conductivity-temperature-depth (CTD) profiling instrument.
Profiles were collected bracketing the high tide and low tide (Figure 3, Table A1) on three days
during the 2018 summer dry season (June 28th, August 9th, September 7th) The data were
averaged in 0.25 m vertical bins for further analysis.
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Figure 2. (a) Bathymetry of Morro Bay in meters. Ten locations selected for CTD casts indicated
by white X’s with P1 at the mouth of the bay and P10 in the back of the bay. (b) A cross-sectional
schematic of CTD cast locations along the main channel.
Data were also obtained from several oceanographic and meteorological stations in the
fore-bay and back-bay. Historical meteorological parameters including water temperature, air
temperature, wind speed, relative humidity, and pressure were obtained from the site, Bay Head
(BH) located near P9
(https://data.cencoos.org/?&sensor_version=v2#metadata/57163/station/data). Fore-bay
meteorological parameters were obtained from a NOAA maintained meteorological station
located near P2
(https://api.synopticlabs.org/v2/stations/timeseries?&token=a318ce0431e945aeb2d5f7ecb274712
6&start=200601010000&end=201808270000&stid=OX1MB&output=csv&obtimezone=local).
Additionally, water temperature data were obtained from the mooring Bay Mouth 1 (BM1,
located near P2; https://data.cencoos.org/?&sensor_version=v2#metadata/20679/station/data) for
context and comparison. Finally, tidal data were obtained from the NOAA operated Port San
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Luis tide gauge (35° 10.1' N, 120° 45.2' W;
https://tidesandcurrents.noaa.gov/noaatidepredictions.html?id=9412110&legacy=1).

Figure 3. Tidal height predictions (blue) and verified tide heights (grey) for June 28th, 2018.
CTD transects were taken along the main channel bracketing each local minimum/maximum by
roughly one hour. High (low) tide transect start and end time indicated by yellow (green) lines.
2.3 Salt Budget Calculations
To evaluate the diffusivity and flushing time throughout the estuary, the approach of
Largier et al. (1997) was followed. Starting with the longitudinal salt balance given by:
𝜕𝑆
𝜕𝑡

𝜕

𝜕𝑆

= 𝜕𝑥 [𝐾𝑥 𝜕𝑥 +

𝐸𝑥
𝐻

𝑆],

(1)
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where S(x,t) is the salinity, E(t) is the evaporation rate, H(x) is water depth, x is the longitudinal
distance from the head of the estuary (i.e. x = 0 at P10 in the back-bay, increasing towards the
mouth), and Kx(x,t) is the longitudinal salt diffusivity. Precipitation and freshwater inflow were
assumed to be zero (i.e., dry season). A steady-state was assumed, whereby salt content remains
constant due to the balance of evaporative advection out of the estuary (increasing salinity) and
the tidally-driven diffusive salt flux toward the mouth of the estuary, where salinity decreases
𝜕𝑆

with distance from the head (𝜕𝑥 < 0, hypersaline conditions) .
𝜕𝑆

In the longitudinal salt flux term, (𝐾𝑥 𝜕𝑥), Kx is scaled according to Prandtl’s mixing
length model as, Kx = kx2, where k is a constant determined by the model fit to the data
(described below), and x is the longitudinal distance from the head of the estuary.
𝜕𝑆

Assuming salinity is not changing over time (steady state, 𝜕𝑡 = 0), and the assumptions
above, equation (1) can be solved to yield the following:
𝐸

𝑆=

𝑥 −𝑘𝐻
𝑆𝑜 (𝐿 ) ,

(2)

where So is the average salinity at the mouth (P1).
For each of the three days, and at each profiling station, high and low tide salinities were
averaged, and then fit to equation (2) using a nonlinear least squares regression. The average
evaporation rate, E, for a 30-day period prior to the sampling date was estimated using the
following:
𝐸=

𝑄𝐿

,

(3)

(𝐿𝐸 𝜌𝓌 )
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where 𝑄𝐿 is the latent heat flux calculated from 𝑄𝐿 = 𝐿𝐸 𝜌𝑎 𝐶𝐿 𝑢(𝑞𝑠 − 𝑞𝑎 ), where 𝐶𝐿 =
1.32 𝑥103 is the moisture transfer coefficient (Rosenfeld et al., 1994; Suanda et al., 2011; Walter
et al., 2017). The difference in specific humidity at the water surface and the meteorological
sensor height, (𝑞𝑠 − 𝑞𝑎 ), was calculated from air temperature, water temperature, atmospheric
pressure, and relative humidity data obtained from BH. Wind speed, 𝑢, was also obtained from
BH. The density of air was estimated as 1.24 kg/m3 and the density of sea water was estimated as
1025 kg/m3 based on previous methods (Walter et al., 2018).
The average depth of all casts was used for H, L was approximated as 6 km, and So was
taken as the average salinity at P1. The model fit coefficient (k) from the nonlinear least squares
regression was then used to calculate the longitudinal salt diffusivity Kx = kx2. The spatial
distribution of salinity from Equation (2) was also compared to the measured salinity values
(Figure 6a). Following Walter et al. (2018) the modeled salt diffusivity was compared to
calculated salt diffusivity values (Figure 6b) found from assuming the balance between the
diffusive and advective salt flux terms in Equation (1):
𝜕𝑆

𝐾𝑥 𝜕𝑥 ~ −

𝐸𝑥𝑆
𝐻

→ 𝐾𝑥 ~ −

𝐸𝑥𝑆
𝐻

𝜕𝑆

/ 𝜕𝑥.

(4)

𝜕𝑆

where 𝜕𝑥 was approximated numerically from the observed data.
Flushing time, the time to completely diffuse hypersalinity out of the estuary, was
estimated using the following:
𝜏𝑓𝑙𝑢𝑠ℎ =

(𝑆−𝑆𝑜 )𝑥
−𝐾𝑥

𝜕𝑆
𝜕𝑥

,

(5)
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𝜕𝑆

where 𝜕𝑥 was calculated from Equation 2 (Largier et al., 1997). The model fit estimates were
compared to the observed age of a water parcel in the estuary (residence time) determined from a
bulk (Lagrangian) salt balance:
𝜏𝑟𝑒𝑠 =

(𝑆−𝑆𝑜 )𝐻
𝐸𝑆𝑎𝑣𝑔

where 𝑆𝑎𝑣𝑔 =

,

(6)

𝑆+𝑆𝑜
2

is a measure of the Lagrangian average salinity (Figure 6c; Largier et al.,

1997).

3 Results
3.1 Temperature, Salinity, and Density Distributions
Along-channel depth distributions of temperature, salinity, and density are displayed in
Figure 4 for the June 28th sampling day. During the high tide, cooler oceanic waters (14 – 16 oC)
were observed throughout the entire length of the estuary, with minimal depth variations and the
coldest waters near the head. Salinities during high tide ranged from 33.8 - 33.9 (with higher
salinities near the head), and densities were on the order of 1024.75 – 1026 kg/m3 (with less
dense waters near the head). Warmer, saltier waters were observed during the low tide compared
to the high tide. Warmer temperatures (16 – 20 oC) were observed starting at the mid-bay (3 km
from the mouth) towards the head of the estuary, with cooler oceanic temperatures remaining
near the mouth. Higher salinities were observed starting at the mid-bay and towards the head
(33.9 – 34.05), with lower oceanic salinities remaining near the mouth. The density during low
tide was lower than during high tide, ranging from 1024 – 1025 kg/m3. These conditions
persisted throughout the remaining study dates in August and September (Figures A1 and A4).
Thus, during the summer dry season, hyperthermal and hypersaline conditions persisted.
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However, the estuary never developed into an inverse estuary where estuarine waters are denser
than oceanic waters that the mouth. Rather, this type of estuary is classified as a thermal estuary
(Largier, 2013).

Figure 4. High (left) and low (right) tide along-channel depth distributions of temperature (top),
salinity (middle), and density (bottom) from June 28th. Vertical gray lines indicate profile
locations. The maximum depth of each cast was used to create the shaded gray bathymetry for
each tidal transect.
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3.2 Diffusivity and Flushing Time
The model fit results of salinity, diffusivity, and flushing time as a function of distance
from the mouth for June 28th are displayed in Figure 6. Figure 6a displays the high tide, low tide,
and average salinities as well as the model fit from the longitudinal salt balance (Equation 2). As
the distance from the mouth increases, the salinity increases, indicative of increasingly
hypersaline conditions towards the estuary head. The model and observed diffusivities decrease
with distance from the estuary mouth (Figure 6b), as expected with the mixing length model
employed. Finally, the modeled flushing time and observed residence times calculated from
Equations 5 and 6, respectively, are shown in Figure 6c. Residence times and flushing times
increase with distance from the mouth of the estuary and approach several weeks near the
estuary head.
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Figure 6. (a) June 28th observed salinity at high tide (square), low tide (circle), and the high/low
tide average (triangle), as well as the model results (solid line). (b) Observed (triangle) and
model (solid line) salt diffusivities. (c) Observed (triangle) residence times and model (solid line)
flushing times.
3.3 Effect of Evaporation
To assess the role of evaporation in the model results, diffusivities and flushing times
were contoured over a range of evaporation rates (Figure 7). These plots indicate the same trend
as Figure 6 but highlight on the importance of evaporation in diffusivity and flushing time
estimates (see also Equation 2). The average evaporation rate for the 30-day period ending on the
June 28th was 1.5 mm/day with a standard deviation of ±1.2 mm/day. Near the mouth (0-3 km)
15

diffusivities over this range (average +/- one standard deviation) were ~ 20–150 m2/s. Towards
the head (3 km onward), diffusivities ranged from ~ 0–50 m2/s. The resulting flushing times near
the mouth ranged from 1 – 14 days, and near the head from 14 – 40 days. Results for August 7th
and September 9th transects are shown in Figures A2 through A7.
Historical average evaporations from 2016 – 2018 are shown in Figure 8 for the summer
dry season. The historical average evaporation rate for June was 1.6 mm/day with a standard
deviation of ±1.2 mm/day, implying that the results from this experiment are typical for this time
of the year, based on the available data (2016-2018).
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a.

b.

Figure 7. Model results using June 28th data. (a) Color contour map of the modeled diffusivity as
a function of distance from the mouth. Black contour lines are plotted in intervals of 50 m2/s. The
average evaporation rate for 30 days prior to sampling day is plotted as solid white line (1.53
mm/day) with standard deviations plotted in dotted white lines (± 1.24 mm/day). (b) Color
contour map of model flushing time estimates as a function of distance from mouth. Black
contour lines are plotted at 1, 7, 14, 21, and 35 days. Evaporation data are the same as (a).
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Figure 8. Box plots of hourly evaporation rates calculated from 2016, 2017, and 2018 historical
data for select months in the summer dry season. The plot shows the interquartile range in blue,
medians indicated by red line, and outliers by red plus signs. The median evaporation rates for
June, July, August, and September are as follows: 1.3 mm/day, 1.0 mm/day, 0.76 mm/day, and
0.83 mm/day. Average evaporation rates for June, July, August, and September are as follows:
1.6 mm/day, 1.3 mm/day, 0.95 mm/day, and 1.1 mm/day.

4 Discussion and Conclusion
This study examines high-resolution distributions of salinity and temperature in a LIE
during the dry-season and highlights the importance of evaporation on the resulting exchange
and flushing time. During this period, elevated evaporation rates led to flushing times between 14 weeks or more, depending on the evaporation and location in the estuary. These long flushing
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times can lead to conditions that may be preventing eelgrass recovery in already depleted
meadows, especially when coinciding with key phases of the eelgrass life cycle.
The salinity and temperature distributions exhibit zonal differences that are present early
in the summer dry season and persist over the course of the summertime period examined here.
Near the mouth of the bay, cooler, less saline oceanic waters are subject to high salt diffusivities
and short residence times, even over a range of evaporation rates. The back-bay exhibited
hypersaline, hyperthermal conditions, low diffusivities, and long residence times. The mid-bay
region acts as a transition zone between these two regimes (i.e., mouth and back-bay), where
exchange between the two is weak.
Long residence times can trap water masses, increasing salinity and turbidity over time.
Contaminants, effluents, suspended sediments, and nutrients that lead to phytoplankton blooms
can also be trapped in areas of the estuary with long residence times (Wolanksi, Mazda, et al.,
1990; Schettini, Valle-Levinson, Truccolo, 2017). This has the potential to increase water
turbidity, decreasing the available light for photosynthesizing organisms like eelgrass. As
evaporation removes freshwater from the back portions of the estuary, salinities increase and
persist due to the long flushing times Additionally, low-dissolved oxygen (hypoxic) conditions
may develop and persist (Walter, et al., 2018). Thus, the conditions that develop in regions with
high flushing times (i.e., warmer waters, increased turbidities and lower light availability, lower
dissolved oxygen) may be affecting eelgrass growth and survival (Walter et. al., 2018 and the
references therein; Orth et al., 2006).
The along-channel transects of this study were completed during the lower high water
and higher low water, rather than during the higher high and lower low, respectively, due to the
timing of those tidal phases and daylight hours. During the higher high water and lower low
19

water, larger along-channel gradients in temperature and salinity may have been observed.
However, the average salinities used in the model (average between the high and low tide
transects) would likely be similar using these other tidal phases (and thus the flushing time
estimates as well. Future studies should consider these tidal phases to examine temperature and
salinity extremes.
This study captured the persistence of hyperthermal, hypersaline conditions throughout
the dry summer season. However, conditions during the wet season are known to be hyposaline,
and hypothermal at times, aligning more closely with the “classic” estuary (Wewerka and
Walter, unpublished data). This study did not effectively capture the shift from wet-season
conditions (hyposaline) to dry-season conditions (hypersaline). In other shallow, Mediterranean
estuaries, such as Elkhorn Slough, this transition, and the resulting dynamics and exchange
processes, varied year to year, depending on the annual wet and dry cycles (Nidzieko,
Monismith, 2012). Over the course of eelgrass decline, winter rainfall conditions in Morro Bay
have been variable, indicating that past low-inflow exchange may have differed significantly
from this study, thus prompting the need to collect longer time series. This seasonality, and the
transition between hyposaline and hypersaline conditions, may also affect eelgrass health and
transplant efforts.
Low survival of eelgrass replantings in the back-bay (MBNEP, 2018) may be related to
the deleterious conditions that develop during the low-inflow season. Replantings done in the
spring (March), likely before hypersaline, hyperthermal conditions develop have shown higher
resiliency than summer (June) restoration efforts (MBNEP, 2018). Additionally, since 2016,
some eelgrass beds in the back-bay have exhibited ephemeral growth, coming, and going with
different seasons and showing up in different locations year to year (O’Leary and Walter,
20

unpublished data). Varied eelgrass growth indicates that zonation of the estuary coupled with
seasonal and annual changes in estuarine circulation may contribute to survival and resilience of
eelgrass.
There is a need to understand the seasonal distributions of oceanographic parameters in
small to moderate-sized LIEs, and the ecological implications of temperature and salinity
distributions on delicate local species and habitats, especially in a rapidly changing climate (cf.
Largier, 2013; Walter et al., 2018). Developing an understanding of LIEs through consistent
sampling and monitoring is crucial to understanding dynamic processes and ecosystem resilience
or collapse. This study contributes to a better understanding of temperature and salinity
distributions, as well as flushing time estimates, in LIEs and supports the need for further
monitoring of these systems.
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Appendix
Table A1. High and low tide times, heights, and transect times for the three experiment dates.
June 28, 2018

August 9, 2018

September 7, 2018

Time

12:12 pm

9:54 am

9:30 am

Height (m)

1.206

1.352

1.438

High
Transect Time 10:37 am – 1:13 pm 9:01 am – 10:54 am

8:29 am – 10:10 am

Time

4:30 pm

2:36 pm

2:42 pm

Height (m)

0.8

0.767

0.638

1:42 pm – 3:14 pm

1:32 pm – 3:02 pm

Low
Transect Time 3:34 pm – 5:23 pm
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Figure A1. High (left) and low (right) tide along-channel depth distributions of temperature
(top), salinity (middle), and density (bottom) from August 9th. Vertical gray lines indicate profile
locations. The maximum depth of each cast was used to create the shaded gray bathymetry for
each tidal transect.
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a.

b.

c.

Figure A2. August 9th observed salinity at high tide (square), low tide (circle), and the high/low
tide average (triangle), as well as the model results (solid line) (b) Observed (triangle) and model
(solid line) salt diffusivities. (c) Observed (triangle) residence times and model (solid line)
flushing times. Mention negative
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a.

b.

Figure A3. Model results using August 9th data. (a) Color contour map of the modeled diffusivity
as a function of distance from the mouth. Black contour lines are plotted in intervals of 25 m2/s.
The average evaporation rate for 30 days prior to sampling day is plotted as solid white line (1.20
mm/day) with standard deviations plotted in dotted white lines (± 0.92 mm/day). (b) Color
contour map of model flushing time estimates as a function of distance from mouth. Black
contour lines are plotted at 1, 7, 14, 21, and 35 days. Evaporation data are the same as (a).
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Figure A4. High (left) and low (right) tide along-channel depth distributions of temperature
(top), salinity (middle), and density (bottom) from September 7th. Vertical gray lines indicate
profile locations. The maximum depth of each cast was used to create the shaded gray
bathymetry for each tidal transect.
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a.

b.

c.

Figure A5. September 7th observed salinity at high tide (square), low tide (circle), and the
high/low tide average (triangle), as well as the model results (solid line). (b) Observed (triangle)
and model (solid line) salt diffusivities. (c) Observed (triangle) residence times and model (solid
line) flushing times.
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a.

b.

Figure A6. Model results using September 7th data. (a) Color contour map of the modeled
diffusivity as a function of distance from the mouth. Black contour lines are plotted in intervals
of 25 m2/s. The average evaporation rate for 30 days prior to sampling day is plotted as solid
white line (1.08 mm/day) with standard deviations plotted in dotted white lines (± 0.79 mm/day).
(b) Color contour map of model flushing time estimates as a function of distance from mouth.
Black contour lines are plotted at 1, 7, 14, 21, and 35 days. Evaporation data are the same as (a).
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